Aims. Hot Jupiters are thought to belong to single-planet systems. Somewhat surprisingly, some hot Jupiters have been reported to exhibit transit timing variations (TTVs). The aim of this paper is to identify the origin of these observations, identify possible periodic biases leading to false TTV detections, and refine the sample to a few candidates with likely dynamical TTVs. Methods. We present TTV frequencies and amplitudes of hot Jupiters in Kepler Q0-6 data with Fourier analysis and a frequencydependent bootstrap calculation to assess the false alarm probability levels of the detections. Results. We identified 36 systems with TTV above four standard deviation confidence, about half of them exhibiting multiple TTV frequencies. Fifteen of these objects (HAT-P-7b, KOI-13, 127, 183, 188, 190, 196, 225, 254, 428, 607, 609, 684, 774, 1176) probably show TTVs due to a systematic observational effect: long cadence data sampling is regularly shifted transit-by-transit, interacting with the transit light curves, introducing a periodic bias, and leading to a stroboscopic period. For other systems, the activity and rotation of the host star can modulate light curves and explain the observed TTVs. By excluding the systems that were inadequately sampled, showed TTV periods related to the stellar rotation, or turned out to be false positives or suspects, we ended up with seven systems. Three of them 897, 977) show the weakest stellar rotation features, and these are our best candidates for dynamically induced TTV variations. Conclusions. Those systems with periodic TTVs that we cannot explain with systematics from observation, stellar rotation, activity, or inadequate sampling may be multiple systems or even exomoon hosts.
Introduction
Transit timing tariation (TTV) is a major diagnostics of various system parameters of extrasolar planets (Holman & Murray 2005; Agol et al. 2005) . In multiplanet systems, planets perturb each other, leading to correlated TTVs of them (Holman et al. 2010; Lissauer et al. 2011) . TTVs have also uncovered the presence of further non-transiting planets in planetary systems (Ballard et al. 2011; Ford et al. 2012a) .
According to our current view, hot Jupiters occur as single planets, since they have been not detected in multiplanet systems. This picture suggests that hot Jupiters occupy unperturbed orbits, hence their orbital motion is Keplerian, and they exhibit strictly periodic transit times. In contrast to this picture, current literature reports a considerable number of hot Jupiters with TTV, which are often periodic Ford et al. 2012b) .
In this work we publish TTV periods, TTV amplitudes, and significance levels for hot-Jupiter candidates in Kepler data.
Transit times covering Q0-Q6 were published in a catalog by Ford et al. (2012b) 1 (see Steffen et al. (2012b) for more details), whose data set has become the basis of several TTV studies). The main aims of this study are to critically revise the Ford et al. (2012b) catalog and to look for possible nondynamical processes that may cause virtual TTVs. To this end, we analyzed the stellar 1 http://www.astro.ufl.edu/∼eford/data/kepler/ variations of the systems in the original Kepler data up to Q9 besides exploring the catalog itself. The main conclusions of this study are the following.
1. Timing data of some already published systems with suspected TTV can be satisfactorily explained by nondynamical reasons, such as stroboscopic period due to even sampling or light curve distortions due to stellar activity; 2. About 2% of the Jupiter-size candidates passed all tests and show a TTV that presently has an unknown origin, and obviously needs further studies with follow-ups. 3. A fraction of systems with TTV signals tend to exhibit multiple TTV periods (confirmed by Mazeh et al. (2013) ) that are incompatible with sampling or stellar rotation effects.
We briefly introduce the most exciting systems and discuss the possible sources of TTVs for these planets.
Data selection and analysis
We selected all single companions from the second list of Kepler planet candidates (Batalha et al. 2012) , and filtered the list for planets larger than 6 R E . Then all systems with incomplete data records, too few observed minima (we required more than 12 transits of a given system for our analysis) or inaccurate orbital periods were neglected. In total, 159 candidates were selected for further analysis. The median planet size and orbital periods The actual frequency and the sub-Nyquist detections are highlighted. This specific model had an orbital (sampling) and modulation period of 11.21 and 4.76 days (which were taken from the ZIP code and altitude-above-sea-level of the Budapest station of Konkoly Observatory, as uncorrelated random numbers).
were 11.23 R E and 5.70 days in the sample, and the longest orbital period was 54 days. After our vetting process the maximum orbital period became 8.36 days (sample of 19 candidates, see also Tables 1 and A.1) and finally 3.2 days (sample of three systems), so that the reduced sample contains really close-in planets, mostly hot Jupiters.
Transit times of these systems were taken from the TTV catalog of Ford et al. (2012b) and were processed by standard Fourier analysis with the MUFRAN package (Kolláth 1990 ). Here we wish to illustrate the most serious drawback of applying the Fourier approach in such an analysis. Once the orbital phase is modulated by a periodic signal, a periodic TTV will be observed, that is, a periodic TTV confidently proves a periodic modulation of the orbital motion. However, the period of the modulation cannot be reconstructed from the TTV if it is shorter than two orbital periods. This is because transits undersample such frequent variations, and the observed frequency will be an alias of the super-Nyquist peak. This is illustrated in Fig. 1 . In the general case, this can lead to an order-of-magnitude difference between the detected and the actual period. This is unfavorable in the sense that one can practically tell nothing about the period of the TTV, and the detected period will only signify a lower frequency limit for a periodic process. However, the amplitude of the modulation can be properly reconstructed from TTV data (except strictly resonant cases), and the TTV amplitude can be involved in further analysis.
The Fourier transforms were evaluated individually. The presence of TTVs were characterized by the detected period, the TTV amplitude, and the height of the detected peak above the noise level. We considered the planet candidates with at least one peak higher than four standard deviations above the grass level as systems exhibiting periodic TTVs. We emphasize that we do not assume a normal distribution for the noise, since it is most probably non-Gaussian. Nevertheless, the standard deviation can be computed for any skewed distributions, but one has to be careful when interpreting the significance levels of the detections.
The reliability of the detected peaks was characterized with bootstrap FAP levels, calculated from the timing error in each transit as provided by the Ford et al. (2012) catalog. In the case of all systems, we simulated a large number (20,000) of artificial time series, containing no signal but the noise of the original measurement. (Artificial data points had the same time coordinates as original data, their value was normally distributed around zero mean, and the errors of the observed transit data points were the standard deviation of test data belonging to that time coordinate.) Test data were Fourier-transformed. Then, at each frequency, we observed the 0.9995 and 0.995 quantile of amplitudes, as indicators of the FAP levels belonging to the 0.05% and 0.5% levels. The distribution was slightly smoothed to remove the local numerical fluctuations but to conserve the general frequency dependence envelope of FAP levels. The highest peak exceeded the 0.5% FAP level in the case of all candidates.
In the next step, we explored how observational and astrophysical artifacts can mimic TTV signals and whether such a bias acts in the case of our candidates. We identified two processes capable of enhancing the TTV signal without any dynamical reason, such as stroboscopic TTV due to sampling and stellar activity. We discuss them in the following.
Nondynamical processes mimicking TTV signals

Stroboscopic frequencies due to regularly-spaced sampling
We found that in some cases, TTVs exhibited prominent frequencies that can be easily explained by sampling effects. Most of the data are long cadence, and they have a sampling rate of 29.424 minutes. This is in the order of the duration of one whole transit, resulting in three to six points belonging to most of the transits. Since the orbital period is not an exact multiple of the cadence rate, the consecutive transits are sampled at different positions, but the lags will evolve very regularly, thanks to the even sampling rate. The instantly realized sampling can introduce biases in the transit time determination, and because of the regular evolution of the entire process, a virtual variation in transit times may be measured. (A similar feature is seen, e.g., in trailed CCD images of asteroids, where the very regular sampling results in a virtually undulating motion with a subpixel amplitude.) Fig. 2 . Calculating the stroboscopic frequency in transit timings due to the uneven sampling of consecutive transits. P and C are the orbital period and the cadence, respectively, f rac means the fractional part.
In Fig. 2 . we illustrate the derivation of the stroboscopic frequency. Because the cadence of exposures is (obviously) not synchronized to transit midtimes, a systematic lag will develop between the sampling structure of the consecutive transits. The sampling comb will be off one transit later by a time lag of |P − nC|, where P and C are the orbital period and the cadence rate, and n is an appropriate integer. We know that n = [P/C] +1 −0 , where [] means the integer part. There are two cases, one when nC is slightly less than P (by less then P/2, see this case in Fig. 2.) , and another one, when nC is slightly larger than P. In the two cases, denoting the fractional part with ][ brackets, we can write
and following the same logic and inverting the sign because the quantity in absolute value brackets is negative
Thus, the time lag can be written as C · s if we define s = min(]P/C[, 1−]P/C[). The C · s time lag is s times one cadence, and after 1/s occurrences (i.e transits), the initial cadence-totransit configuration will be repeated. This means that the stroboscopic peak has P/s period, hence s/P frequency. Because s is always less than 0.5 by definition, the stroboscopic peak will always emerge, but will not always be high enough to be detected. In summary, if a transiting system exhibits a TTV period near P/s, this period should be considered to be suspicious, because it may refer to the stroboscopic period of the system. We eliminated fifteen objects (HAT-P-7b, KOI-13, 127, 183, 188, 190, 196, 225, 254, 428, 607, 609, 684, 774, 1176) owing to stroboscopic TTV periods in this step. Some frequencies in the spectra of the remaining candidates were also found to be stroboscopic.
Stellar activity
Stellar activity is a known source of TTV, because star spots can modulate light curve shape, hence periodically modulate the transit times. Obviously, the effect highly depends on the actual algorithm of transit time fitting, thus in our special case, on the algorithm used to build the Ford et al. catalog. Finding and testing a transit time-fitting algorithm that is optimized to a stability against stellar activity is beyond the scope of our paper, and we are in no position to check the lowest activity level that can still bias the algorithms in the current Kepler pipeline. We will assume, however, that any activity with uncommon level may be a source of an artificial TTV signal. Because this activity level will be a strong alert against a dynamically excited TTV, we suggest simply rejecting such hot-Jupiter candidates from the list of dynamically induced TTV candidates. Almost all of our stars in the TTV sample show some variability due to rotation and/or spots in their light curves. To quantify what fraction of the TTV candidate sample is contaminated, we explored the out-of-transit light variation, and registered the amplitude and the frequency of the highest peak in the Fourier transform. This is a proxy of stellar activity, and it also reports about any pulsation, systematics, etc., that are also able to affect transit times. The sample of TTV suspects was compared to the sample of all hot Jupiters. If the bias caused by the activity is negligible, the distribution of frequencies and amplitudes will be statistically indistinguishable in the two samples.
Possible influence of stellar activity on TTVs
To test whether there is a systematic bias in the TTV-positive sample toward more expressed stellar rotation signal because of higher activity, we compared the out-of-transit signals of the TTV-positive sample to the set of all single Jupiter-sized planet candidates. After stitching sections together in Q8-Q9 data where there are no prominent gaps, and internal shifts are minimal, transits and secondary eclipses were masked out, and a high-pass filter with a characteristic frequency at 70 d −1 was applied to remove long-period signals. Then we calculated a Fourier transform of the data series. The out-of-transit variations were characterized by the height of the highest frequency peak that emerged in the processed data set.
The amplitude of the highest frequency peak is compared in Fig. 3 in the case of TTV positive and all hot Jupiters. The figure Table 1 . Periodic TTV detections above the level of 4 standard deviations that survive our sequence of rigorous tests. Boldface denotes our three best candidates. Periods in italic are ambiguous based on the analysis of the optical light curves of the candidates. Stroboscopic periods are omitted. In case of KOI-977 the highest, 101.5 day peak was used. Lower panels: Transit shapes of the best candidates.
is log-scaled, to emphasize the differences that mostly emerge in the wings of distributions. Evidently, the two samples are different for out-of-transit variations, and stellar rotation is expressed more in a subset of the TTV-positive list. The smallest amplitude peaks were observed at around 300-500 ppm amplitude in the large sample, while three of our TTV-positive candidates had peak amplitudes below 400 ppm (these are: KOI-186, 897, and 977), which are therefore the best TTV-positive candidates, those least affected by stellar rotation effects. We note that the frequency of the out-of-transit peak is widely separated from the TTV frequency in practically all cases of the TTV-positive hot Jupiters with expressed stellar rotation (see the discussions for each individual target in Sec. 4.1). Therefore, one cannot make a direct link between TTVs and stellar rotation. However, based on the amplitude distributions, an indirect connection seems to exist. In summary, we vetted three TTV candidates 822, 895) solely on the fact that their transit fits may be influenced by the rotational light variation of the host star. Some other stars showing strong rotational signs were found to be false positives or eclipsing binary systems (e.g. KOI-1003 and KOI-1152).
Results
Thirty-six systems out of the 159 were identified showing periodic TTVs. Fifteen detections showed stroboscopic periods only (Sec. 3.1), and two additional systems were excluded from the beginning, because the TTV period was found to agree with the rotation period of the host star: (KOI-883) and Kepler-17b (formerly KOI-203, Désert et al. (2011) ). Of the remaining candidates, 19 candidates show TTV peaks that are convincingly far from the stroboscopic periods and also they were not suggested to be blended objects. We introduce these systems in the following section.
We found that the TTV periods of three more objects are related to the stellar rotation period (Sec. 3.2) based on their Kepler light curves 822, 895) . During the revision of this paper, some of these candidates were also rejected as false positives or reclassified as eclipsing binaries. These rejected objects from the sample of 19 candidates are listed in Borucki et al. (2011) , the Kepler Input Catalog (Brown et al. 2011), and Batalha et al. (2012) . In Batalha et al. (2012) , however, the KIC values were improved by matching them to the Yonsei-Yale stellar evolution models (Demarque et al. 2004; Steffen et al. 2013) .
Out of the seven candidates we found that three systems, namely KOI-186, 897, and 977, are the best ones based on their clear separation of the frequencies resulting from presumably stellar variations and other remaining TTV periodicities. The frequency spectrum of the TTVs of our best candidates are shown in the upper panels of Fig. 4 . The detection level for five standard deviations (s.t.d.) and the false alarm probabilities for two levels (0.005 and 0.0005, the latter corresponding to our 5 s.t.d.) are also shown. We note that although it is more judicious to compute the false alarm probability levels to assess the significance of the individual peaks, the relative flatness of the fap levels indicates that the actual noise distributions are not far from the Gaussian in our cases.
2 http://planetquest.jpl.nasa.gov/kepler/ We also plotted the folded TTV curves with the fitted periodicities in the middle panels. In the case of KOI-977 we plotted the fit with the 101.5-day periodicity. To assess the reliability of the period detections of our best candidates, we performed a likelihood ratio test, according to Lupton (1993) . This test makes use of the deviance (often denoted as D) defined as
where the log L terms represent the log-likelihood of the fitted null hypothesis and the model, respectively. D is compared to a χ 2 -distribution with a degree of freedom that is the difference of the degree of freedom (dof) of the individual fits. In our case, the null hypothesis was the zero signal (having one parameter, i.e. the mean value), and the fitted model was the monoperiodic signal with three additional parameters (the assumed period of the TTV, and its best-fit amplitude and phase). Therefore the calculated D statistics were compared to a χ 2 -distribution of 3 dof. The resulting p parameters (showing how likely random fluctuations can mimic at least as strong a signal as we detected) were p = 0.0027, 0.0004, and 0.0002 for KOI-186, KOI-897, and KOI-977, respectively, which is independent evidence of this periodicity in the measured TTVs. We note that the origin of the higher p in the case of KOI-186 might be the presence of the two additional frequencies in the TTV spectrum (one stroboscopic and the other related to the stellar rotation).
Finally, in the lower panels of Fig. 4 the transit shapes are plotted for our best candidates based on available Q0-Q6 data. The same detrending method was applied as in Szabó et al. (2011) . The orbital periods were taken from Batalha et al. (2012) . The large scatter in the case of KOI-977 is primarily due to the large size of the host star (for discussion see in Sec. 4.1.1) and to the correspondingly smaller observable transit depth. We have found no indication of a possible diluted eclipsing binary scenario in these cases.
Remarks on individual systems
Most of our candidates in Tables 1 and A.1. are listed in Ford et al. (2011) . We only refer to that paper in the tables if it provides relevant information in the context of this work. Surprisingly, a few of these systems exhibit multiple frequency peaks.
Of the systems listed below, KOI-189, 897, and 977 show the least prominent rotation effects, therefore these are our best candidates. The periods of the best candidates are 14, 82, and 101.5 days. Since the detected TTV period is only an upper limit for the actual period of the modulations, it may be that the actual periods are shorter than the detected ones (even an order-ofmagnitude difference can easily be suspected). The amplitude of TTVs is less than one minute in two cases (KOI-186 and 897) and 12 minutes for KOI-977.
Best candidates
KOI-186
This Jupiter-sized planet orbits a solar-type star (M=1.06 M ⊙ ). We found three significant periodicities, namely 13.877, 7.243 and 11.583 days. The last is found to be stroboscopic, while the second one is very close to the presumed stellar rotation period (7.84 d), so we are left with a TTV candidate featuring a single periodic variation with 13.877 days period. The star exhibits a low-amplitude (338 ppm), long-period, outof-transit variation with a 94-day period, which is likely independent of the TTV signal.
KOI-897
This planetary candidate is slightly larger than Jupiter and orbits a close-to solar mass host star with a period of 2.68 days. There is a single period in its TTV Fourier-spectrum with 82.0 days, while another peak of 4.45 d is found to be stroboscopic. The highest peak out-of-transit has a relatively low amplitude of 338 ppm and a period of 115 d, making KOI-897 a serious target for a dynamically caused TTV.
KOI-977
The host star of this object has a mass of 0.21 M ⊙ and a radius of 16.48 R ⊙ with an effective temperature of 4204 K according to the Kepler Input Catalog. The nature of this star was corroborated by Muirhead et al. (2012) , who clearly identified it as a giant based on near-infrared spectroscopic observations. The radius of the companion is correspondingly large, 63.45 R E , the largest in our sample. The mass estimate of the host star is obviously too low, most probably a result of the procedure that was optimized to select main-sequence targets for the Kepler Mission. Since the stellar parameters for KOI 977 seem suspicious, the hot Jupiter classification of this candidate may be in question. Two significant frequencies were found in the TTV spectrum at 101.5 and 20.0 days. Santerne et al. (2012) observed this object as part of their large spectroscopic follow-up program of Kepler planet candidates. They found a relatively fast-rotating exoplanet host star with v sin i = 27±1 km s −1 and placed an upper limit of 14.3 M J on the mass of the companion. The authors note that both the planetary and blend scenarios are compatible with their data. In addition, the object is listed in the Kepler eclipsing binary catalog (Prša et al. 2011 ) with twice the orbital period. This is presumably because of the slightly different depth of the odd and even minima based on the phased light curve on the website 3 . KOI-131 is listed as a planet candidate in Batalha et al. (2012) as well. The highest out-of-transit peak has a 86 day period for this system. Therefore it is likely that the TTV observed at 114 days period is not related to brightness variations of the host star. We conclude that although this object passes all our test, it is not a strong hot-Jupiter candidate based on the available information. KOI-256 According to Muirhead et al. (2012) the host star is a metal-rich M3 dwarf. Their measurement significantly reduced the size of the planet candidate from 25.34 to 5.60 R E . The companion shows a single 41.8 d periodicity in its transit timing. KOI-823 This object fell on the dead Kepler module in Q6. It shows complicated, multipeaked Fourier-spectrum. While some of the peaks are close to peaks seen in the light curve itself (142.9, 59.5, 19.0 d, 1.02 d -which is the highest out-of-transit peak), others are found to be independent of stellar and sampling effects. KOI-882 Single-periodic TTV candidate. The long period seen in the TTV (41.9 d) is unlikely to be disturbed by other relatively long-period periodicities found in the light curve, the closest one is 37.1 d. The highest out-of-transit peak with 3.92 d period has 7300 ppm amplitude, and alerts for severe activity effects. However, it is not clear how the long period TTV signal is affected by such a short rotation period. trum of the transit timing data of this object is located exactly at the Nyquist-frequency, i.e. twice the orbital period of the planet. We cannot exclude a signal resulting from a resonant object with 1:2 mean motion resonance in the system. The amplitude of the TTV is uncertain for the same reason.
Other candidates
KOI-131
Rejected candidates
KOI-412
KOI-822
For similar reasons to the case of KOI-412, Q5 data are is missing. Strong rotational modulation is seen in the light curve with about half the detected TTV period, as well as its first harmonic, so it may influence the transit timing measurements. Therefore we flagged this star as an uncertain case.
KOI-883
Based on its KIC-parameters, the host star is an early type K dwarf. We found two peaks in the Fourier spectrum of the transit times of its companion (6.6 d and 9.1 d). The 6.6 d peak is uncomfortably close to the alias caused by the sampling effect, while the latter coincides with the rotation period derived from its light curve presumably caused by the presence of a spot or spots. Thus, this object is no longer a candidate showing periodic TTVs. We decided to leave it out of Table. A.1. KOI-895 is a single-period companion around a solar-mass star with 11.4 d TTV period. The stellar rotation, however, creates a periodicity of 5.6 d, which is almost exactly half of the TTV period. This renders the main TTV period questionable. KOI-1003 This is a monoperiodic TTV candidate with a long but highly significant period (277 days). The activity level of the star is very high, and it may affect timing, so may result in a TTV. Most important, Ofir & Dreizler (2012) list this object as an eclipsing binary. KOI-1152 A larger-than-Jupiter companion orbits an early M1 dwarf (Muirhead et al. 2012) ). The star shows a three-day rotation period. Besides the deep transits, the secondary minima (occultation) are also easily seen. In addition, the orbit of the companion is obviously eccentric, since the secondary eclipses are detected around the 0.34 phase instead of 0.50 (see Fig. 5 ).
The lagged occultation refers to a minimum eccentricity of 0.26 (Sterne (1940) , or more recently Eq. (2) in Dong et al. (2013) ). The circularization time scale for this system is τ circ ∼ 120-270 Myr, assuming a planet mass of 1 M J , a tidal quality factor of 10 6 , and other necessary system parameters as derived in KIC and in Batalha et al. (2012) . The shorter time scale assumes an eccentricity of 0.26, and the longer time scale is the e ∼ 0 limit. Because the circularization time scale is much less than the expected lifetime of an M * = 0.58M ⊙ star, it is reasonable that the system is older than τ circ , and the eccentricity is maintained by a dynamical process. Therefore, this system is a good candidate for having an outer companion that perturbs the orbit. Ofir & Dreizler (2012) classify this object as an eclipsing binary.
KOI-1285
The optical light curve of this multifrequency TTV candidate shows peaks close to the 53 and 70 d TTV periodicities. This is an active star, exhibiting an out-of-transit frequency at 1.07 d with 1450 ppm amplitude; however, this peak is far from the detected TTV signal. Based on the latest release of the list of KOIs, it is a false positive. KOI-1382 This system shows two very clear periodicites (with 34.4 and 17.4 days), close to, but not exactly at, a 1:2 period ratio. The rotation period of the 1.1M ⊙ host star is 4.8 days. This is another false positive. KOI-1448 According to Batalha et al. (2012) , the system consists of a relatively large companion (R = 24.25 R E ) orbiting a solar-like host star with a relatively strong 11.18 d period TTV signal. However, lately it has been found to be a false positive.
KOI-1452
The size of the companion of this star is twice that of the Jupiter. The system exhibits multiple TTV periodicities. The 74.4 and the 58.3 d peaks are close to peaks detected in the Fourier spectrum of the photometric light curve, therefore are ambiguous. The stellar rotation period is estimated to be 1.5 days based on the Kepler light curve. The system survived all our criteria, and it would remain a strong multiperiodic TTV candidate. Mazeh et al. (2013) , however, concludes that it is an eclipsing binary system. KOI-1540 If indeed a planet, this is one of the largest candidates in our vetted sample with almost three Jupiter radius, orbiting a solar-mass star. One of the six significant periods (33 d) is found to be spurious from the light curve analysis. The period with 2.427 d is roughly twice as long as the orbital period of the planet (thus the sampling), which is 1.208 d, therefore ambiguous. According to Ofir & Dreizler (2012) and the latest KOI release it is not a bona fide planetary system. KOI-1543 According to our analysis, KOI-1543 is a monoperiodic TTV candidate with a 3.96 d orbital and a 97.00 d TTV period around a star of 1.06 M ⊙ mass and 0.86 R ⊙ radius. However, it turned out to be a false positive. KOI-1546 This object features the richest spectrum of transit timing variations in our sample. Three frequencies (62.6, 357.9, 74.3 d) are uncertain, because these appear in the light curve as well, another ten peaks reach the four standard deviation level. According to Mazeh et al. (2013) , it is also an eclipsing binary system.
Interpretation
Observing periodic TTV variations in hot Jupiters has been completely unexpected in light of the loneliness paradigm, and it would imply that one of the following three scenarios acts in systems with hot Jupiters, and affects the transit times:
-systems with transiting hot Jupiters having non-transiting, massive close-in planets on highly inclined orbits; -hot Jupiters with significant TTVs host large moons; or -some other, still unidentified source of periodic TTV is in action.
Are there more planets out there?
Hot Jupiters are not necessarily single. If that is the case, periodic TTVs may be tracers of perturbations from additional planets in the system, which are not observed in transits because of the viewing geometry. A known case for a nonsingle hot Jupiter is in HAT-P-13, hosting a hot Jupiter and a distant massive planet on an eccentric orbit, which is not observed in transits (Szabó et al. 2010 ). In the Batalha et al. (2012) catalog of 2321 planet candidates, there are several examples of hot Jupiters in multiple systems, e.g. KOI-338, a system with two planets, where both are hot Jupiters. KOI-94 consists of four transiting candidates, one hot Jupiter, two hot Neptunes, and a hot superEarth, KOI-1241 hosts a hot Jupiter and a hot Neptune. WASP-12 is a candidate for a two-planet system, where the TTV signal of the transiting component and a slight modulation of radial velocity data both suggest a second companion (Maciejewski et al. 2011 (Maciejewski et al. , 2013 . However, as the lefthand panel of Fig. 6 . shows, the distribution of hot Jupiter candidates with TTV is very different from the distribution of planets in multiplanet systems. In particular, very few multiple systems exhibit planets above the line R/R E > 5 3 P/day. On the other hand, all TTV hot Jupiters reside above this line, therefore they are compatible with the distribution of non-TTV, single hot Jupiters. One could argue that massive, nontransiting companions on an inclined orbit can perturb the transiting planet, but in this case, the planets must also be close-in types to support the median detected TTV period of 50 days, and these planets would also show up in radial velocity planet-searching surveys. This point is discussed in detail in Steffen et al. (2012c) . We note that these systems would look very different from, e.g., HAT-P-13.
Are there exomoons out there?
Another -however, still unconfirmed -explanation of TTVs is the presence of moons pumping TTVs (Sartoretti & Schneider 1999; Szabó et al. 2006; Simon et al. 2007; Kipping 2009 ). The expected rate of a TTV can be estimated if we assume that the satellite has no sign in the light curves, but that it only affects the transit time of the planet. In this case, the TTV's full amplitude is a s M s P(πaM p )
−1 , where a s and a are the semi-major axis of the satellite and the planet, M s and M p are their mass, respectively, and P is the orbital period (Sartoretti and Schneider, 1999) . For an order-of-magnitude estimate of the expected effects, we assigned 1 M J mass to the planet, 1 M E mass to the exomoon, and assumed a s = a H , i.e., the moon orbits at the Hill-radius. With these assumptions, TTV caused by a moon can be calculated as a function of the orbital period of the planet.
In the righthand panel of Fig. 6 , we plot the measured TTV amplitudes for the hot Jupiters. Systems with multiple TTV periods are plotted with different symbols, and they follow the same trend as the monoperiodic systems. The linear model overplots the expected TTV amplitude of a Jupiter + Earth system. We conclude that the distribution of TTV points above an orbital period of two days follows a similar trend as the model, but for shorter orbital periods, TTVs significantly exceed this prediction. However, TTV can be underestimated by a factor of 2-5 based on the Sartoretti & Schneider (1999) assumptions, especially when the moons are quite large (see Szabó et al. (2006) , Simon et al. (2007) ), and the detected TTVs may be explained with less massive exomoons.
An argument against the exomoon scenario is that at least some fraction of hot Jupiters should have distant and massive moons to explain our findings. Although the existence of large (M>1 M E ) exomoons is an attractive possibility, an appropriate -still unknown -scenario needs to address the formation of large exomoons around hot Jupiters. Besides the origin and prevalence of such systems, any interpretation also faces the question of stability. Hot Jupiters with a moon suffer tidal forces from both the star and from the close-in, massive exomoon. As a consequence, the rotation rate of the planet evolves, and the orbital distance of the exomoon can swing very significantly, either toward spiral-in, or escape, or oscillation, or chaotic behavior (Barnes & O'Brien 2002) . Considering this argument, one could raise a reasonable doubt about the assumption of massive exomoons around a significant fraction of hot Jupiters, though it may be possible to observe such moon-planet systems that are young or formed in exotic scenarios, such as capture.
Comparison with independent studies
During the submission process of this paper, Kipping et al. (2013) published a set of Kepler planet candidates, seeking for scenarios that are compatible with moons. The two studies are based on different methods: Kipping et al. analyzed TTV distributions, and here we applied a period analysis. The two candidate lists are also disjointed, because Kipping et al. (2013) restricted their analysis to candidates smaller than six Earth-radii. There are nevertheless prominent similarities between the two studies: neither we nor Kipping et al. (2013) succeeded in firmly concluding that TTV signals have a clear dynamical origin, although a few strong candidates survived all tests. Mazeh et al. (2013) have followed a similar approach to ours, and during the revision of this paper published another list of candidates based on an extended time base up to Q12. Some of our candidates (especially the multifrequency TTV ones) are confirmed, a few are found to be false positives, but others are not mentioned as significant detections by Mazeh et al. (2013) . Steffen et al. (2012c) conducted an independent analysis to find TTV variations and a photometric search for additional transits in Kepler systems containing hot Jupiters based on the same data we used (Q0-Q6). They conclude that there is a significant difference in the presence of additional components between hot Jupiters and other populations (warm Jupiters, hot Neptune candidates), which may be the consequence of their different dynamical histories. They failed to identify those candidates that were retained as showing short-term or other significant (most probably multifrequency or nonperiodic) TTV variations by Mazeh et al. (2013) . (One such example is KOI-882 in our final list of seven TTV candidates.) The reason Steffen et al. (2012c) focused on long-term TTV periodicities is that is what one physically expects for near-resonant configurations. The sensitivity to nonresonant perturbations is dramatically reduced. Thus, it is a priori unlikely to find dynamically induced TTV signals with short periods.
The diverging results of these studies are alerting signals that even currently available data are insufficient for firm detections (especially for long-period variations). In spite of this, testing methods and seeking TTV candidates are in the forefront of hot Jupiter studies.
Summary and conclusions
In this paper, we have shown that -Equidistant sampling leads to periodic, artificial TTV signals in Kepler exoplanet photometry, and data analysis must be cleared for the stroboscopic effect; -Stellar rotation and activity can also be linked to TTV signals and, in many cases, can mimic a virtual transit timing variation that is still nonphysical; -In the case of three Kepler targets 897, 977) , a periodic TTV signal is measured that is a nonstroboscopic signal from relatively anactive stars, and might have a dynamical origin. Santerne et al. (2012) have recently estimated that the rate of false positives among short-period Jupiters in the Kepler sample can be as high as 34.8% ± 6.5%. In the framework of their radial velocity follow-up survey, none of our candidates were confirmed as planets, but a few were rejected as discussed in Sec. 4.1. Previously, Morton & Johnson (2011) estimate a rate that is closer to 5-10 %. Depending on which value is taken, the number of nonplanetary candidates may be between one and six in our sample of nineteen hot Jupiter TTV candidates, even if brown dwarfs are permitted. More follow-up observations are clearly needed to settle this problem. It is worth noting that recently nine in this sample were found to be eclipsing binaries or other false positives (Ofir & Dreizler 2012; Mazeh et al. 2013) .
It is remarkable that except for KOI-977, which should be an evolved star orbited by the largest substellar companion in our sample as we discussed in Sec. 4.1, and for KOI-256 which is an M dwarf hosting a large Jupiter-type planet, the remaining five of our best candidates in Table 1 are very similar, both in the parameters of their host stars and in the parameters of their transiting hot Jupiters. The stellar masses are slightly above solar (ranging form 0.93 to 1.13 M ⊙ ), while the corresponding radii (0.97-1.21 R ⊙ ) suggest main-sequence objects. The size of the companions point to 'canonical Jupiters' in the 7.9-12.4 Earthradius range. The orbital periods are between 1.0 and 5.0 days. If the seemingly periodic TTV indeed has a dynamical origin, then maybe it is not a coincidence that we find objects with such similar architecture and so any explanation should also reflect this tendency. We note that the TTV amplitudes of most of the best candidates are considerably smaller than the TTV amplitudes of most systems confirmed or characterized by TTVs (eg. Holman et al. (2010) ; Steffen et al. (2013) ).
In many cases we suspect that the Q0-Q6 data set is simply not long enough to assess the real TTV behavior of our candidates. Longer observations and ground-based follow-ups can confirm the nature of the TTV-positive hot Jupiters. With the help of further Kepler short cadence observations, or even with accurate transit photometer with large telescopes applying much denser sampling than Kepler, sampling effects in long-cadence data can be eliminated. If the physical nature of the observed hot Jupiter TTVs can be confidently confirmed, only dynamical explanations survive: additional planets on exotic orbits or the exomoons. 
